Endocrine dysfunction is a well-recognized treatment-related sequela of cranial irradiation in children. 1, 2 Children receiving craniospinal irradiation (CSI) for medulloblastoma are at risk for multiple endocrinopathies, including growth hormone deficiency (GHD), hypothyroidism, adrenal insufficiency, and abnormal sex hormone production manifested as either hypogonadism or precocious puberty. 3 These long-term deficiencies are a significant cause of morbidity among brain tumor survivors, occurring in up to 80% of the population, and are associated with an increased risk of multiple other medical problems and a need for chronic management, with a high cost of medical care. 3, 4 While endocrine dysfunction following cranial radiotherapy for brain tumor patients is most commonly central in origin and directly related to hypothalamic pituitary axis (HPA) injury, primary gonadal or thyroid function may also be impacted in the setting of CSI and/or chemotherapy. 5 -10 The risk of endocrine dysfunction is well recognized to be directly related to the dose of radiation received to the HPA, thyroid, or gonads. 8 -11 In multiple dosimetric comparison studies for pediatric medulloblastoma, the use of proton radiotherapy (PRT) has demonstrated the ability to reduce the radiation dose received to the HPA and results in near complete avoidance of the thyroid and gonads compared with either 3D or intensity-modulated photon therapy. 12 -14 Modeling estimates based on this dosimetric benefit have estimated proton therapy to be associated with a reduced risk of late endocrine effects when compared with photon therapy. 15 Despite the dosimetric advantage of proton therapy, clinical data comparing long-term endocrine dysfunction with the use of proton and photon therapy are needed. The purpose of this study is to compare long-term incidence of multiple endocrinopathies among matched cohorts of patients treated with either PRT or photon radiotherapy (XRT) for standard risk medulloblastoma.
Materials and Methods

Patient Selection
This multi-institutional cohort study includes children with standard risk medulloblastoma treated with PRT at Massachusetts General Hospital or XRT at Emory University between 2000 and 2009. Standard risk patients met the following criteria for inclusion: age .3 years at diagnosis, ,1.5 cm 2 residual disease after surgery, and M0 disease based on MRI of the brain and spine and cerebrospinal fluid cytology examination. Only patients with ≥3 years of follow-up with routine endocrine screening and without disease progression or receipt of salvage therapy were included for late endocrine effects analysis. Patients treated at Massachusetts General Hospital were prospectively enrolled in the phase II study NCT00105560. 16 Concurrent enrollment in Children's Oncology Group or other protocols was allowed. Institutional review board approval at both institutions was obtained for this analysis.
Treatment
All patients underwent maximal safe resection of the primary tumor followed by CSI and RT involved field (IF) or posterior fossa (PF) boost and chemotherapy consisting of vincristine, cisplatin, cyclophosphamide, and/or lomustine. Patients underwent either prone and/or supine CT simulation for RT planning. The CSI target volume included the entire subarachnoid volume and nerve roots for all patients. The whole vertebral body was also included in skeletally immature patients. PRT was delivered with 3D conformal (3DC) PRT, and dose was prescribed in grays using the relative biological equivalent value of 1.1. XRT was delivered with either 3DC XRT or intensity-modulated radiation therapy (IMRT). 17 CSI dose range was 18 -27 Gy. All patients received 1.8 Gy per fraction to a cumulative dose of 54-55.8 Gy following IF or PF boost, with the exception of one XRT patient who was treated with 1.2 Gy per fraction twice daily to a cumulative total dose of 60 Gy.
Outcome Variables and Assessments
The primary endpoints for this study were the incidence of hypothyroidism, GHD, adrenal insufficiency, sex hormone deficiency, precocious puberty, the need for any endocrine replacement therapy, and height and body mass index (BMI) standard deviation score (SDS) at last follow-up. Patients were considered to have any of the endocrinopathy outcomes listed above when the clinical diagnosis was made and documented in the medical record by the endocrinologist or treating oncologist or when medical management for the endocrinopathy was initiated.
After completion of radiotherapy, patients underwent routine endocrine screening, including physical exam, height and weight measurement, and laboratory assessment every 6 months to 1 year with either an endocrinologist or an oncologist according to Children's Oncology Group guidelines. Laboratory assessment included thyroid stimulating hormone, free T4, insulin-like growth factor (IGF)21+IGF binding protein23, estrogen, testosterone, follicle stimulating hormone, luteinizing hormone (LH), and 8 AM cortisol. Patients with abnormal morning cortisol levels were evaluated with dynamic adrenal function testing. Growth hormone (GH) stimulation testing was recommended for patients with a clinical suspicion of GHD based on growth rate and/or IGF-1 levels. Institutional practice among the photon cohort limited the use of GH stimulation testing to only those patients/families who agreed to receive GH replacement therapy should their testing document GHD. Patients/families who indicated that they would not accept GH treatment were not tested. Onset of puberty was defined in males by enlargement of the phallus and development of pubic hair associated with elevation of LH and testosterone. In females, onset of puberty was defined by Tanner staging of the breast. Precocious puberty was defined as puberty at an abnormally early age (,8 y old for girls and 9 y old for boys). Sex steroid deficiency was defined as a clinically significant lack of production of sex steroids, requiring exogenous replacement of these hormones. Height and BMI SDS were calculated by taking into account gender and age for patients up to age 18.
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Statistical Analysis
Patients' characteristics were summarized and compared between those treated with PRT and those treated with XRT by Wilcoxon rank sum test for numerical covariates and chisquare test or Fisher's exact test for categorical covariates, where appropriate. Covariates included patient age, gender, histology, whether surgery was gross total resection or ,1.5 cm 2 residual remained, year of diagnosis, CSI dose, total RT dose, and whether RT boost was IF or whole PF. Univariate association of each categorical endocrine outcome variable with covariates was examined with the Wilcoxon rank sum test for numerical covariates and the chi-square test or Fischer's exact test for categorical covariates, where appropriate. Multivariable analysis was conducted by entering all covariates into a logistic regression model and using a backward variable selection method with an alpha level of 0.2 removal criteria unless otherwise stated. For height and BMI SDS, we used an ANOVA or Spearman rank correlation coefficient for univariate analysis, where appropriate. Multivariable analysis was carried out by entering all covariates into a general linear model and using a backward selection method with an alpha level of 0.2 for removal criteria. For all multivariable analyses, RT type was forced in the model and the models were stratified by diagnosis year. Follow-up time was calculated from completion of RT until last date of follow-up.
A propensity score analysis was further performed to balance potential confounding factors between the 2 RT types. A multivariable logistic regression model was employed to predict RT type (PRT vs XRT) after adjusting for gender, date of Eaton et al.: Endocrine outcomes with proton and photon RT diagnosis, histology, location of RT boost, age at diagnosis, and RT CSI dose. An estimated propensity score, which is the predicted probability of receiving PRT, was assigned to each patient. To adjust for any patient differences between the 2 RT types, propensity score analysis was performed in 3 ways: (i) propensity score as a predictor was included in the multivariable model; (ii) propensity score was used to create weights, the inverse probability of treatment weighting; and (iii) propensity score matching, in which patients treated with PRT were matched in a 1:1 ratio to those treated with XRT according to gender, age, date of diagnosis, histology, location of RT boost, and RT CSI dose, using a greedy algorithm with the nearest available pair matching method on estimated propensity score. 19 -21 Whether or not the propensity score adjusted models had been adequately specified was examined by comparing covariates between patients treated with PRT or XRT by a logistic regression model for categorical covariates and a general linear model for numerical covariates. 22 All analyses were done using SAS 9.3, with a significance level of .05.
Results
Patient Population
Eighty-eight patients were treated with PRT or XRT for standard risk medulloblastoma between 2000 and 2009. Ten patients were ineligible due to early recurrent disease or death within 3 years of diagnosis and one patient was ineligible due to lack of available endocrine follow-up data, leaving 77 patients who met eligibility criteria for inclusion in the late endocrine effects analysis (Table 1) . Cohorts were similar with respect to gender, histology, presence of residual disease after surgery, CSI dose, total RT dose, and whether the RT boost was delivered to the PF or tumor bed. Patients treated with PRT were more likely to have received their diagnoses in 2005-2009 (80% vs 51%) and were younger than those treated with XRT (median age, 6.2 vs 8.3 y). Among the photon cohort, boost treatment was delivered with 3DC RT in 13 patients (35%) and IMRT in 24 patients (65%).
Endocrine Outcomes
The median (range) follow-up time was 7.0 years (3.5-13.5) for the photon cohort and 5.8 years (3.4-9.9) for the proton cohort (P ¼ .010). The incidence of each endocrine outcome according to RT type and other covariates is listed in Table 2 for categorical  outcomes and Table 3 for height and weight SDS. There was a statistically significant lower incidence of hypothyroidism (23% vs 69%, P , .001), sex hormone deficiency (3% vs 19%, P ¼ .025), and need for any endocrine replacement therapy (55% vs 78%, P ¼ .030), as well as a significantly greater mean height SDS at last follow-up (21.19 vs 22.0, P ¼ .020) among patients treated with PRT compared with patients treated with XRT. All significant associations found between endocrine outcome variables and covariates on univariate analysis are listed in Tables 2  and 3 . Among the patients with a diagnosis of GHD, 18 of 21 patients (85.7%) in the proton cohort and 16 of 21 patients (76.2%) in the photon cohort received GH replacement (P ¼ .697).
On multivariable analysis (Table 4) , after taking into account other prognostic variables, PRT remained associated with a reduced risk of hypothyroidism (odds ratio [OR], 0.13; 95% CI, 0.04 -0.41; P , .001), sex hormone deficiency (OR, 0.06; 95% CI, 0.01 -0.55; P ¼ .013), need for endocrine replacement therapy (OR, 0.30; 95% CI, 0.09-0.99; P ¼ .047), and greater height SDS at last follow-up (parameter estimate, 0.89; 95% CI, 0.24 -1.54; P ¼ .008). Other significant associations on multivariable analysis existed between hypothyroidism and higher CSI dose, between GHD and male gender, classic histology, and younger age, and between the need for endocrine replacement therapy and classic histology (Table 4) . A trend also existed between the need for endocrine replacement therapy and male gender.
Propensity Score Analysis
No significant differences in covariates between the PRT and XRT cohorts existed in any of the 3 propensity-score adjusted Table S1 ). Forty-six patients matched by propensity score were identified, including 23 patients for each cohort treated with PRT and XRT. PRT remained a significant predictor of reduced risk of hypothyroidism, sex hormone deficiency, and need for endocrine replacement therapy and remained significantly associated with greater height SDS at last follow-up under the propensity adjusted models (Table 5) .
Discussion
This report of late endocrine dysfunction among proton-and photon-treated children with standard risk medulloblastoma represents the first direct clinical comparison of late endocrine effects among pediatric patients treated with proton or photon craniospinal radiotherapy. The results demonstrate a statistically significant association between the use of proton therapy and a reduced incidence of hypothyroidism and sex hormone deficiency, a reduced need for endocrine replacement therapy, and greater height SDS at last follow-up among medulloblastoma Eaton et al.: Endocrine outcomes with proton and photon RT survivors. These findings are of great clinical importance, as a presumed benefit in late radiation associated sequelae has been a primary driving force for the increasing use of proton therapy among children, though comparative clinical data are limited. The photon cohort in this series serves as a good benchmark for comparison with proton outcomes, considering that the photon endocrine outcomes reported here are similar to those previously reported in the published literature. Hypothyroidism is recognized as one of the most common endocrinopathies associated with CSI, and the 65% incidence reported here is consistent with previous reports citing hypothyroidism rates in the range of 60% -80% among patients who received standard dose, conventionally fractionated CSI plus chemotherapy. 8,23 -25 The incidence of hypothyroidism was associated with CSI dose in this analysis, and previous studies have also demonstrated a reduced risk of hypothyroidism with lower CSI doses. 26 The incidences of adrenal insufficiency, precocious puberty, and sex hormone deficiency in the photon cohort here were 8%, 16%, and 19%, respectively. These rates are similar to those previously published in the literature, which have been in the ranges of 12.5% -25% 26 -28 for adrenal insufficiency, 11% -16% 6, 26 for precocious puberty, and 20% -50% for sex hormone deficiency. 1, 2, 29 While additional factors such as patient age, time since treatment, dose of radiotherapy, and other therapies received can affect the risk of endocrine dysfunction and may account for differences between series, 1, 8, 10, 26, 30, 31 the similar patient characteristics and uniform treatment received between the proton and photon cohorts in this report further establish a framework for evaluating the effect of RT type on these endocrine outcomes.
However, analysis of GHD according to RT type may have been limited by institutional differences in GH testing. Among the photon cohort, patients were offered testing if there was clinical This may have artificially lowered the GHD reported, as patients may have had clinical evidence of GHD but may not have undergone the confirmatory testing required to make the diagnosis. In contrast, GH stimulation testing was recommended for all patients with a clinical suspicion of GHD treated on the proton phase II study used for comparison. Approximately 57% of patients treated with photon therapy developed GHD in this analysis. While this rate is similar to the 53% incidence of GHD reported among the medulloblastoma patients from the Childhood Cancer Survivor Study, 1 it is less than the 75% incidence rate that would be predicted based on modeling data taking into account the cranial radiotherapy doses received and the median follow-up of greater than 5 years. 33 Growth hormone deficiency was more common among male patients with classic histology in this analysis. This may reflect selection biases in the diagnosis and treatment of GHD, as there may have been less of a concern for risk of tumor recurrence with classic histology and a greater perceived negative impact of reduced height in males. Despite any potential biases according to histology, gender, or institution, proton patients were found to have a significantly greater height SDS than photon patients. Because the entire vertebral bodies are included in the target volume in growing children with both modalities, one would not expect this to be related to differing adverse effects of radiotherapy on sitting height. Rather, this suggests that subtle differences in the effects of RT modality on GH function may exist. The analysis of height SDS in this study is also limited in that height at last follow-up was not available for all 77 patients (n ¼ 59 for height SDS), and further analysis of the effect of proton versus photon RT on height as well as the incidence of GHD is warranted.
Additional limitations of this study include that the proton patients were treated on a phase II study with prospective data collection, while data for the photon cohort were collected retrospectively. Because the patients were treated and followed at different institutions, biases in endocrine testing or diagnoses may have impacted the results. However, because only patients who underwent routine endocrine screening were included for analysis, bias should be limited. Time to event analysis was not performed because the time of first onset of each endocrine dysfunction was not reliably recorded in the photon cohort. In order to account for the possible effect of varying follow-up times, the multivariable analysis was stratified by follow-up time, and date of diagnosis was included as a variable in propensity analysis. Although baseline endocrine function was not uniformly tested, the tumor located within the PF would not be expected to impact hypothalamicpituitary, thyroid, or gonadal function. Neither the proton nor the photon data distinguished whether hypothyroidism or sex hormone deficiency was primary or central in origin, though both are applicable endpoints, as dose delivered directly to the thyroid and gonads as well as the HPA has been demonstrated to be reduced with proton therapy, 12 -14 and this does not impact the validity of the data.
Strengths of this analysis include the assessment of wellmatched proton and photon cohorts who were treated uniformly with radiation and chemotherapy over a similar time period from 2000 to 2009, with mature follow-up and routine endocrine screening. Though the median age at diagnosis of the proton cohort was slightly younger than the photon cohort, this would only have been expected to lead to higher rates of endocrine dysfunction in proton patients, as younger age has been previously associated with an increased risk of some endocrinopathies. 24 Furthermore, the associations found between proton therapy and the reduced risk of multiple endocrine outcomes were maintained on multivariable and propensity score adjusted analyses.
In conclusion, the use of proton therapy was significantly associated with a reduced risk of hypothyroidism and sex hormone deficiency, a reduced need for any endocrine replacement therapy, and greater height SDS at last follow-up among matched cohorts of medulloblastoma survivors treated similarly with chemotherapy and proton or photon RT. The use of proton therapy should be considered to minimize the radiation-associated endocrine sequelae for medulloblastoma patients. Further analysis of GHD and nonhormonally mediated alterations of growth among proton-and photon-treated patients is required.
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